iii) The catalytic activity is caused by the microstructure originating from the processing by spark plasma sintering.
Introduction
Energy efficiency, sustainability, and economic viability are becoming increasingly important for materials manufacturing in industry. Microwave methods [1, 2] allow rapid materials processing with improved energy efficiency and reduced equipment costs. Similarly, spark plasma sintering (SPS) has become a state-of-the-art method, [3, 4] where a uniaxial force and a pulsed electric field (dc current) allow a high speed consolidation of polycrystalline powders. [9, 10] The detailed mechanism of SPS reactions is still far from being understood, [3, 4] but the primary effect of the current in the sintering process is likely to be Joule heating. Other nonthermal effects may contribute to the solidstate reaction kinetics. This may alter the nature of the final product. [4] [5] [6] [7] [8] Although, SPS is an important form-giving process, its application for the synthesis of new materials is still in its infancy. [11] [12] [13] In the past, a variety of fluorination techniques have been devised for fluoride "doping" or to synthesize oxyfluorides. Many of them requires fluorine gas, reactive fluorides, or hydrogen fluoride as toxic and corrosive fluorine sources that require special equipment and handling techniques. [14] [15] [16] A synthesis of WO 3−x F x by heating WO 3 with HF under extreme conditions in sealed gold ampoules has been reported. [17] Hightemperature approaches using binary fluorides (like MF 2 or MF 3 (M = alkaline-earth or lanthanide metal) have limitations because of the stability of the starting compounds compared to the intended products. [18] Therefore, alternate fluorination routes have been developed for obtaining oxyfluorides. [19] [20] [21] [22] [23] [24] Fluorination using a powder of the fluorinated polymers as a source of fluorine in a reductive fluorination process relies on their solid form, chemical stability at room temperature and their relatively low decomposition temperature compared with most inorganic compounds. [21] [22] [23] [24] This allows to perform a reductive fluorination of oxides easily and safely. The convenience and usability of this method for the synthesis of superconducting WO 3−x F x has already been demonstrated. [22] WO 3−x F x has been synthesized with different fluorine contents, but photo catalytic activity similar as for the related Magneli phases [25] has not been reported. We report a new SPS approach on a minute scale for the rapid fluorination of WO 3 with poly tetrafluorethylene (PTFE) to the oxy-fluorides WO 3−x F x with high photocatalytic activity in copious amounts. These solid-state reactions were complete several minutes and lead, depending on the ratio of the starting compounds, to the formation of oxyfluorides WO 3−x F x (0 < x < 0.6) with colors ranging from light green to blue as the fluorine content increased. This systematic color change during fluorination reaction is the same as that generally observed in tungsten bronzes and indicates mixed-valency of the tungsten atoms through charge carriers introduced into the system by chemical reduction. The reaction is diffusion controlled as seen from the presence of two phases in ex situ X-ray powder diffraction, in automated diffraction analysis (ADT) and by the shift of the reaction front from the periphery to the core of the tungsten oxide grains in transmission electron microscopy (TEM). This indicates that fluorine diffuses into the WO 3 particles prepared by ball milling. At an intermediate stage, a noncompletely reacted WO 3 core is surrounded by a WO 3−x F x shell. At 450 °C, the reaction proceeds via monoclinic and orthorhombic intermediates, which have not been reported before. At 550 °C, the reaction product for x = 0.10 contains an orthorhombic main phase and a cubic side phase (15%). For x = 0.3-0.4 the cubic phase is the majority phase with minor (5%) contribution of the orthorhombic phase. The cubic phase exhibits F atom disorder as demonstrated by 19 F magic angle spinning nuclear magnetic resonance (MAS-NMR) experiments. [26, 27] X-ray photoelectron spectroscopy (XPS) revealed that SPSprepared WO 3−x F x contained mixed-valent W 6+ /W 5+ . WO 3−x F x shows photocatalytic activity, whereas conventionally prepared WO 3−x F x is photocatalytically inactive. The conceptual advancement of this new synthetic approach toward functional nanomaterials lies in the combination of the fluorination with fluorinated polymers and spark plasma sintering, typically used in ceramics and alloys fields to sinter while limiting grain growth. SPS, reported for incorporating carbon into sol-gelderived microstructured oxide matrixes, [28, 29] is used for the first time for the fast one-pot synthesis of oxyfluorides. It yields large monoliths of metal oxyfluoride nanopowders. The photocatalytic activity is strongly enhanced through the SPS processing. This suggests that new photocatalytic compounds based on cheap, air-stable, and environmentally benign elements might be discovered by SPS processing from polymer scrap. [30] 
Results and Discussion

SPS Synthesis and Chemical Analysis
WO 3−x F x was synthesized using SPS ( Figure 1A) . Prior to the reaction, the components WO 3 and PTFE were mixed for 30 × 10 min with 10 min intermissions at 740 rpm in a planetary ball mill using 8 g of grinding balls (ZrO 2 , 1 mm dia meter) and ≈10 mL of ethanol as dispersion medium. No reaction occurred during ball milling as judged by powder X-ray diffraction and 19 F-MAS NMR. In a second, pyrometer-controlled heating step the reactant mixture was SPS treated using the temperature profile shown in Figure 1B . After preparation, the products typically contained phase mixtures with densities ≥90% of the calculated theoretical density. In the first steps, the samples were heated to 400, 450, 500, 550, and 600 °C, and Figure 1 . A) Illustration of the synthesis procedure. Different from the conventional approach, reaction and consolidation take place simultaneously. Precursor materials: WO 3 and PTFE. B) Temperature profile (red) and piston movement/densification (blue) during the SPS process. Capital letters indicate different segments of the process: I) Evacuation of reaction chamber and first compression, II) start of reaction by heating to 550 °C and dwelling for 4 min, III) increase of pressure at 550 °C from 19 to 50 MPa and second heating step at 700 °C, IV) sample cooling. the reactions were quenched immediately after reaching the set-point temperatures. Higher temperatures did not accelerate the reaction, because unreacted PTFE decomposition products are lost, which leads to incomplete reaction. Similarly, high pressures lead to losses of PTFE decomposition products. Therefore, a relatively low pressure (19 MPa) was chosen for the synthesis. Above ≈750 °C, F-containing products were lost, and the formation of reduced tungsten oxides was observed. Thus, the sintering time was varied between 2 and 6 min at 550 and at 600 °C. The main reaction came to completion during this short heating segment.
The reaction of WO 3 with polytetrafluoroethylene is assumed to occur at the gas-solid interface, since PTFE starts to decompose slowly at 360 °C. [31] Thermal analysis showed the thermal decomposition to be complete above 400 °C, the main decomposition products under vacuum conditions being the C 2 F 4 monomer. [32, 33] In the SPS experiments, C 2 F 4 resulting from the thermal decomposition of the fluorinated polymers is likely diffuse through the grain boundaries of the WO 3 sample at the reaction temperature of 550 °C. This is indicated by the need of ball-milling for high degrees of fluorination and the presence of PTFE flakes around the WO 3 particles at high PTFE/WO 3 ratios ( Figure S1 , Supporting Information). For unsufficient mixing of the WO 3 and PTFE precursors lower degrees of fluorination were observed. In addition, a thin white deposit of PTFE was observed at the cold side of the pressing tools after the SPS reaction. Still, the detailed fluorination mechanism remains unclear because i) the state of matter of C 2 F 4 under the reaction conditions (19 MPa, 550 °C) is not clear, ii) follow-up reactions of C 2 F 4 may form fluorocarbon oligomers depending on reaction temperature and pressure. Increasing the applied pressure to 50 MPa after 4 min at 550 °C and performing a second heating step for 3 min at 700 °C allowed to further increase the fluorine content up to x ≈ 0.6.
A conventional synthesis of WO 3−x F x was carried out as control experimentals using the same ball-milled precursor mixtures in evacuated quartz tubes that were sintered at 550 °C for 36 h. The reaction was performed with ≈500 mg of mixture in quartz tubes having a volume of ≈35 cm 3 .
Phase Analysis
The phase compositions of all samples were determined by powder X-ray diffraction (PXRD) and TEM. The fluorine content of phase pure samples based on PXRD was determined electrochemically with a F − -ion selective electrode (for details see the Experimental Section). The nominal and true F/W ratios are compiled in Table 1 . Compositions determined by potentiometry will be used in the sequel. The true fluorine content increases with increasing nominal fluorine content in WO 3−x F x , although not in a linear fashion. An excess of fluorinated polymer is needed to achieve high fluorine contents in WO 3−x F x . Heat treatment of SPS samples in air to remove carbon residues after the reaction did not lead to changes of the phase composition.
The SPS synthesis of WO 3−x F x yielded significantly higher degrees of fluorination than conventional methods using the same ball-milled precursor mixture, because heating to T > 550 °C in quartz ampules led to loss of fluorine or even the formation of reduced tungsten oxides. [22] [23] [24] In SPS, the increase of the reaction temperature to 600 °C still led to an increase of the fluorine content (indicated by an increase of the lattice parameter of the cubic unit WO 3−x F x cell for large PTFE excess), while samples dwelled at 600 °C for more than 10 min showed a lower fluorine content ( Figure S2 , Supporting Information). Optimization of the reaction protocol led to the temperature program shown Figure 1B . After a first reaction step at 550 °C, fast heating and short dwelling at 700 °C for 3 min allowed the synthesis of highly fluorinated samples (up to x = 0.6) while only negligible amounts of WO 2 were formed as a side phase (phase purity > 98%). Increasing the annealing temperature and time resulted in additional side reactions of PTFE and decomposition products with graphite or C-containing decomposition products of PTFE. This led to a contamination of WO 3−x F x with several, nonidentified phases. This maximum fluorine content of WO 3−x F x is significantly higher than that obtained in conventional reactions in quartz ampoules, [22] and comparable to that of reactions with HF under high pressure (x = 0.43 in 48% aqueous HF, and x = 0.66 with anhydrous HF) [17] However, reductive fluorination in SPS reactions was much faster (5-9 min vs 24 h), and it can be upscaled easily to the kg range with appropriate dies. [4] In addition, it is much easier, cheaper and safer to carry out than reactions under high pressure with HF in gold ampoules.
X-ray diffraction (XRD) patterns of WO 3−x F x for different values of x (Figure 2A,B) showed that the crystal structure of WO 3−x F x depends on the fluorine content x. The XRD patterns of WO 3−x F x for x = 0.10 and x = 0.6 could be indexed based on orthorhombic (space group: Pbcn) and cubic (space group: Pm3m) unit cells, respectively (vide infra). Crystallographic details and essential results of the Rietveld refinements [34, 35] for SPS-prepared WO 3−x F x for x = 0. 10 Figure S3 , Supporting Information). A cubic WO 3−x F x phase with high fluorine content (0.17-0.66) has been reported before. [17, 22] Since the crystal structure of orthorhombic WO 2.9 F 0.1 was unknown, it was determined using a combination of ADT and PXRD (vide infra).
Analysis of the unit cell volume per number of tungsten atoms in the unit cell (obtained by Rietveld refinement) are in agreement with the fluorine content determined by fluoride ion selective potiometry assuming Vegard-behavior [36] of the fluorine substituted samples. It is difficult to determine the accurate content of lattice F and O by electron and X-ray diffraction only. Neither structural solution nor refinement was possible for SPS-WO 2.90 F 0.10 with the reported indexing. [22] Electron diffraction has the advantage that single crystal diffraction data may be obtained from nanometer-sized regions. It is also sensitive to superlattice reflections arising from weak, short-range effects. Using nonoriented diffraction patterns with a tomographic scan of the reciprocal space, ADT provides almost complete and pseudo-kinematic reflection intensities from a single nanocrystal and allowed unraveling the tilt structures of WO 3−x F x . ADT data was collected from the same "single crystal" (50-200 nm in diameter) in both, static and precession electron diffraction (PED) mode with a probe size of 200 nm in diameter within a tilting range from −60° to +60° resp. −45° to +45° using tilt steps of 1°. Lattice parameters were extracted from the nonprecession data (Table 2) , the precession data were used for structure determination. For WO 2.90 F 0.10 , 12 NED data sets were analyzed (Table S1 , Supporting Information). The unit cell could be identified as orthorhombic with three different cell parameters (Table S1 , Supporting Information), two being similar, but with distinguishably different size, better detectable in powder XRD ( Table 2 ). The calculated average values of these parameters could be used to index the PXRD data. A full symmetry determination from the systematic absences in the ADT data was not possible due to two main problems: i) The presence of very small (<20 nm) and just slightly differently oriented domains (mosaicity), as confirmed by HRTEM images ( Figure 8 , vide infra) and/or domains which are 90° rotated against each other with respect to the c axis (twin structure). ii) With a density of ≈7.3 g cm −3 and a projected particle diameter between 50 and 200 nm, the expected dynamical effects are relatively large. These two problems ensure that the presence of the reflections (hk0: h + k = 2n; h0l: h + l = 2n; 0kl: k + l = 2n) are related only to the crystal structure and exclude any face or body centering. Indexing and analysis of powder XRD data led to the space group Pbcn (No. 60; systematic absences 0kl:
An ab initio structure model from powder XRD data was derived with the software EXPO. Possible crystal structures were checked by a rigid body structure refinement with WO 6 octahedra using the TOPAS software package. The atomic parameters were refined from full profile fits of the PXRD data using TOPAS Academic 6.0 by applying the fundamental parameter approach. [34, 35] The refined structure (ReO 3 related, with tilted WO 6 octahedra, derived from the cubic ReO 3 aristotype structure, Figure 3A ,B) was used as a starting model for a dynamical refinement [37, 38] based on four datasets by applying for each dataset a twinning matrix of (010; −100; 001). Three of four twin fraction parameters converged to ≈50% (Table 1) , whereas one twin fraction converged to ≈33%. This is in line with problem 1 (vide supra). Nevertheless, the consequential structure model based on a dynamical refinement confirmed the structure determination based on powder XRD data. It is supported by the small deviations in the atomic coordinates of both models ( Table 3 ). All parameters and further information about the dynamical refinement are given in Table 3 Three representative zonal images showing different axis directions are presented in Figure 3C .
The structure of the cubic phase (WO 2.40 F 0.60 ) was solved with Superflip [37] [38] [39] and refined dynamically based on ADT data (R-value of 8.5%). For an anisotropic (harmonic) refinement of the displacement parameters of tungsten, a significant spatial scattering density distribution could be observed in the difference Fourier synthesis. Only an inharmonic functional description of the anisotropic displacement parameters (ADPs) improved the dynamical refinement significantly (R value of 7.5%), possible due to a Jahn-Teller distortion. [40] The density distribution ( Figure 3D ) of tungsten's nonharmonic ADP was interpreted by a superposition of different tungsten sites. For a further refinement the tungsten site W1 was shared with one additional atom W1′, where the sum of the occupancies of W1 and W1′ was fixed to one. The refinement converged, even with isotropic ADP for the tungsten sites, to a R-value of 7.5%.
Crystal Structure of WO 2.90 F 0.10
The crystal structure of WO 2.90 F 0.10 can be described as a WO 3−x F x tilt structure with W(O/F) 6 octahedra tilted along the b-axis. The tilt pattern corresponds to that of the tungsten oxide high-temperature (Pbcn) phase with the Glazer nomenclature a 0 b + c − (where a < c < b) for perovskites. [41] [42] [43] [44] [45] The relations between the unit cells of monoclinic and cubic WO 3 (space groups P2 1 /n and Pm 3 m) and orthorhombic WO 3−x F x (space group Pcnb) are sketched schematically in Figure 3A . Apart from small variations of their length, the cell vectors are related Figure 4 and Figure S4 , Supporting Information). The resonance frequency (peak position) provides information about the fluorine environment. The line width (fwhh) is a measure for the uniformity of the local field, resp. for the local order. Higher disorder at a particular crystallographic site contributes to broader resonances (fwhh increases). For octahedral complexes of the form (WX 6−n F n ) the substituent effects in solution follow an addition relationship expressed by the equation [46] 
Local
where δ F 0 represents the chemical shift for WF 6 2− , p and q are the numbers of substituents in cis and trans positions relative to the observed F nucleus, and C and T are shift increments for the cis and trans substitution, derived from the data for a series of compounds WX 6−n F n 2− . The base value for δ F 0 is +165, which corresponds to the chemical shift for WF 6 . The electronegativity of the elements building the crystal lattice plays an important role for the electron density around fluorine (with the highest electronegativity according to the Pauling/Hoffmann scales [47, 48] ) and the 19 F chemical shift as well. The difference in electronegativity between W and F is 1.62, which places the WF bond at the borderline between polar covalent and ionic bonding. According to the same notation the WO bond is a polar covalent bond (the difference is 1.08) because oxygen is less electronegative than fluorine. Thus, the presence of more oxygen in the surroundings of fluorine (in the WO 3 crystal lattice) would increase the electron density around fluorine and shift the 19 F chemical shift to higher fields. At the same conditions the presence of more fluorine in such an environment would lead to less shielding of a fluorine atom and induce a low field shift of its resonance.
The 19 F spectra and the corresponding deconvolution of the SPS-prepared (orthorhombic WO 2.90 F 0.10 - Figure 4A ) and conventionally synthesized (WO 2.92 F 0.08 - Figure 4B ) and those of the SPS-prepared (cubic WO 2.40 F 0.60 - Figure 4C ) and conventionally synthesized (WO 2.58 F 0.42 - Figure 4D ) structures are presented in Figure 4 . The shifts and the fwhh of the deconvoluted signals are summarized in Table 4 .
Three fluorine resonances are detected for the orthorhombic structures at ≈−105, −112 and −139. We attribute the signals at −105 ppm (SPS) and −106 ppm (conventional) with comparable fwhh of ≈4100 Hz to the FW 2 O 10 environment. The resonances at ≈−112 ppm in both orthorhombic structures are probably related with the FW 2 O 9 F environment (fwhh of ≈1400 Hz). Additionally, signals (fwhh of 1800 and 9400 Hz in both cases) are observed at −138 and −139.6 ppm. They are assumed to be associated with environments around the detected fluorine containing more than one other fluorine atom. This would explain the significant inhomogeneous broadening observed in the 19 F spectrum also related with different possible orientations of the fluorine atoms. The conventional synthesis (duration: 36 h) leads to an equilibrium structure with a random ligand distribution around the W atoms, whereas the SPS preparation (duration: a few minutes) favors a trapping of nonequilibrium states and local ordering effects. The smaller fwhh observed for the SPS-prepared samples is assumed to arise from the fast reaction at the surface of the WO 3 particle grains. The spectra of the cubic structures exhibit four signals. The resonances at ≈−92.7 ppm (FW 2 O 10 ) and −106 ppm (FW 2 O 9 F) are well defined in both, conventionally synthesized and SPSprepared samples. The fwhh are comparable in both cases, but they are slightly broadened for the SPS-prepared samples with 200 to 400 Hz. The other low intensity resonances in both cases cover a range of −135 to −154 ppm. They are probably associated with higher fluorine environments at the contact border between WO 3 and PTFE. The fwhh vary between 1200 and 2800 Hz. A calculated degree of fluorination for the cubic samples (x = 0.45 and 0.60) corresponds statistically to 1.5 fluorine atoms in two interconnected octahedra. This matches the relative area of the second peak for both cubic samples at ≈50%. For higher amounts of fluorine in the cubic structures, the SPS reaction leads to a higher local fluorine content while the conventional reactions leads to a slightly more uniform product (the fwhh for the SPS reaction are broader for both). These assignments are supported by the calculated 19 F δ iso values of F atom environments in NbO 2 F (−62, −53, −43, and −30 ppm) [27] and TaO 2 F (−84, −73, −62, and −46 ppm). [27] A SEM image of the polished pellet surface ( Figure 5A) shows the formation of a dense product with a macroscopic uniform elemental distribution over the pellet crosssection which confirms the presence of one single phase product (as shown by X-ray diffraction). Both, TEM and SEM images reveal the grains to be randomly oriented, without pronounced morphology and with a large size distribution, most likely due to ball-milling treatment of the starting materials. TEM-analysis reveals a less pronounced grain growth during SPS compared to conventional synthesis ( Figure S5 , Supporting Information) and the formation of more uniform grains after SPS. The observed porosity is caused most likely by the evaporation of decomposed PTFE because incomplete mixing leads to larger the formation of cavities and remnants of PTFE ( Figure S1B , Supporting Information). peaks centered at 36 and 38 eV ( Figure 6A ) are assigned to the W 4f 7/2 and W 4f 5/2 orbitals, respectively. They are characteristic for the oxidation state +6 for WO 3 and WO 3−x F x . The spectra of cubic WO 3−x F x show significant shoulders at 34 and 36 eV, which indicate the presence of W 5+ . The distinct shoulder in the W 4f region and the stronger signal in the F 1s region of SPS-prepared WO 2.4 F 0.6 confirm the presence of fluorine and W 6+ /W 5+ as expected for a higher degree of fluorination. The XPS spectra of the F 1s core electrons ( Figure 6B ) show a single, weak signal centered at 684-685 eV, originating from WF bonds on the surface of the tungsten oxyfluoride samples. The O 1s regions ( Figure 6C) show three signals at ≈530, 532, and 533 eV, which can be assigned to lattice oxide, surface hydroxide groups and adsorbed water. Since these samples were not heated in air after synthesis, the C 1s region shows a strong signal, indicating the presence of carbon from Teflon remnants and additional surface-bound carbonate. The XPS overview spectrum and the spectra after heating in air in Figures S6 and S7 (Supporting Information) confirm the complete removal of carbon and the presence of W, O, and F together with adsorbed water species.
Electronic Structure and
Photocatalytic Properties
The optical bandgaps were derived from the equation:
where F(R) is the Kubelka-Munk function, hν the photon energy, B a constant, and n is 2 or 1/2 for direct or As shown in Figure 5B (vide supra), orthorhombic and cubic WO 3−x F x exhibit an intense absorption between 470 and 600 nm, suggesting that the light absorption for photocatalysis mainly derives from the visible part of the spectrum. The absorption edge is blue-shifted compared to the tungsten bronze W 18 O 49 . [50] Indirect transitions, respectively. [49] Energy gaps (E g ) of 3.2 and 3.5 eV were derived by extrapolating the linear region of (Ahν) 1/2 to hν = 0. To understand the relationship between the tungsten oxyfluoride composition and its photocatalytic performance, the activity of SPS-and conventionally prepared samples was evaluated by the photocatalytic decomposition of the model substrate Rhodamin B (RhB) in aqueous solution under visible light (blue light LED, 18 W). The temporal evolution of UV-vis absorption spectra of RhB solution in the presence of WO 2.92 F 0.08 and WO 2.58 F 0.42 prepared by conventional solid state chemistry, (A, B) and WO 2.90 F 0.10 and WO 2.40 F 0.60 prepared by SPS (C, D) under blue light irradiation is displayed in Figure 7A -D and Figure S11 (Supporting Information), where the decrease of the absorption at 554 nm with exposure time is related to the concentration of RhB in solution. Figure 7 shows that only 10% of RhB are degraded by both, WO 2.92 F 0.08 and WO 2.58 F 0.42 (prepared conventionally), while 25% and 70% are degraded by WO 2.90 F 0.10 and WO 2.40 F 0.60 (prepared by SPS). The linear plots of (c 0 /c) versus irradiation time (t) suggest a pseudo-first order kinetics. The rate constants are given in Figure S7 are comparable, an increase in the fluorine content results in a much darker color and higher conductivity. The visible light absorption of WO 3−x F x may be associated with electronic transitions from i) the valence band to (localized) polaron states, ii) from polaron states to the conduction band or iii) by electron hopping between W 5+ and W 6+ sites. [51, 52] The much higher photocatalytic activity of the SPS-prepared samples (WO 2.90 F 0.10 and WO 2.40 F 0.60 ) is attributed to combined effects of smaller domain size ( Figure S5 , Supporting Information), a lower degree of ordering, a higher number of defect sites at the domain surfaces and additional twin boundaries (Figure 8 ) and to the presence of F surface sites (lower adsorption of dye due to the lower polarizability of fluorine).
Conclusion
We have shown that reactions using SPS allow the high-speed solid state fluorination of WO 3 using poly(tetrafluoroethylene) in large quantities. The degree of fluorination is very high and comparable to that achieved with hydrofluoric acid under hydrothermal conditions in sealed gold ampoules. The reactions times could be reduced by more than 2 orders of magnitude from 2 days to a few minutes and do not require toxic and caustic chemicals. The structure and composition of the resulting tungsten oxyfluorides, WO 2.90 F 0.10 and WO 2.40 F 0.60 , was determined by a combination of F − -potentiometry, X-ray powder diffraction, automated electron diffraction tomography, 19 F MAS-NMR, XPS, HRTEM, and SEM/EDX. The rapid SPS transformations presumably involve F − anion transport in the applied electric field. The fast SPS reaction leads to the formation of nonequilibrium micro-and surface structures with different levels of metastability. Thus, the SPS-derived oxyfluorides WO 3−x F x yield-different from the bulk phases obtained by conventional high-temperature reactions-monoliths of metal oxide fluoride nanoparticles with trap states associated with surface defects that lead to high photocatalytic activity. The high potential of this new synthetic SPS approach is that i) mixed-valent tungsten oxide fluorides WO 3−x F x (0 < x < 0.60) are obtained within minutes, without toxic chemicals and in copious amounts and, ii) the degree of fluorination is increased. iii) Importantly, the chemical reactivity of the SPS-derived oxyfluorides WO 3−x F x differs significantly from that of products obtained by conventional solid state reaction. This study is a proof of concept for the development of cheap and functionally efficient materials from PTFE polymer. It even allows a reutilization of PTFE polymer scrap for the synthesis of valuable tungsten oxyfluorides through SPS processing.
Experimental Section
Synthesis:
Tungsten trioxide (99+%, Chempur) and poly(tetrafluoroethylene) (PTFE, Sigma-Aldrich, 1 µm powder) were weighed in their respective molar ratios, ball-milled (Fritsch Pulverisette) for 5 h in ethanol and dried by centrifugation and drying overnight at 70 °C in a drying chamber. The preparation is illustrated in Figure 1A (vide supra). WO 3 and PTFE were used in stoichiometric amounts as precursors for both conventional and SPS synthesis. SPS yielded dense pellets of products WO 3−x F x in a single step according to the representative reaction 4WO 3 + (C 2 F 4 ) n = 4WO 3−n F n + 2nCO 2 .
For SPS preparation, samples containing ≈2.5 g of the powder mixtures were enclosed with graphite foil and placed in graphite dies. The dies were put subsequently into an SPS HP D 25 (FCT-systems) and heated up to 550 °C with 50 °C min −1 and kept at this temperature for 6 min (p = 19 MPa). To achieve a higher densification, an additional heating step at 700 °C was added to the reaction process (p = 50 MPa). All samples were annealed for additional 3 h at 400 °C in air to remove remnants of carbon resulting from the decomposition of PTFE. Reference samples for conventional high temperature reactions were prepared by placing powder mixtures (≈500 mg) in evacuated quartz ampules and heating for 36 h at 550 °C. [22] X-Ray Powder Diffraction Analysis: Samples for X-Ray diffraction were prepared on polyvinylacetate foil. Diffractograms were obtained using a STOE Stadi P powder diffractometer, equipped with a Mythen 1k detector using MoKα 1 radiation. The sample was measured in transmission in 0.015° steps (continuous scan, 150 s per degree) covering a 2θ range from 1.5° to 73.4°. Rietveld refinement [34] was performed with Topas Academic V6 using the fundamental parameters approach. [35] The structures of the crystalline phases were determined by ADT.
High-resolution synchrotron powder diffraction data were collected at beamline 11-BM at the Advanced Photon Source (APS), Argonne National Laboratory using a wavelength of λ = 0.41385 nm. Data were fit using TOPAS Academic V6 program suite, using the fundamental parameter approach. [35] Scanning Electron Microscopy (SEM): Field-emission scanning electron microscopy was performed on a NOVA Nano-SEM with an attached Oxford Inca X-ray system for chemical analysis. The obtained SPS pellets were cut and polished to obtain cross-sectional pieces. Secondary and backscattered electron images were collected with acceleration voltages of 5 keV and 15 or 20 keV for EDX mapping, respectively.
X-Ray Photoelectron Spectroscopy: Measurements were carried out using a PHI5000 Versa Probe II with an Al anode. The probed surface area was 100 µm × 1400 µm (i.e., X-ray spot size), and an X-ray power of 100 W was used. The pass energy of the analyzer was set to 23.5 eV for detailed spectra and to 187.9 eV for survey scans. All spectra were charge corrected to a binding energy of 284.8 eV for the C 1s line corresponding to adventitious aliphatic carbon. Measurements were evaluated using the CasaXPS software.
Transmission Electron Microscopy: Powdered samples were prepared by placing one drop (10 µL) of a diluted NP solution in ethanol (0.1 mg mL −1 ) on a carbon-coated copper grid and by letting it dry at room temperature for transmission electron microscopy, Highresolution TEM (HRTEM), electron dispersive X-ray spectroscopy (EDXS) and automated electron diffraction tomography investigations. TEM, HRTEM, EDX and ADT measurements were carried out with a FEI TECNAI F30 S-TWIN transmission electron microscope equipped with a field emission gun and working at 300 kV. TEM images and nano electron diffraction (NED) patterns were taken with a CCD camera (16-bit 4.096 × 4.096 pixel GATAN ULTRASCAN4000) and acquired by Gatan Digital Micrograph software. Scanning transmission electron microscopy (STEM) images were collected by a FISCHIONE high-angular annular dark field (HAADF) detector and acquired by Emispec ES Vision software.
Automated Electron Diffraction Tomography: 3D electron diffraction data were collected using an automated acquisition module developed for FEI microscopes. [53] For high tilt experiments all acquisitions were performed with a FISCHIONE tomography holder. A condenser aperture of 10 µm and mild illumination settings (gun lens 8, spot size 6) were used in order to produce a semi-parallel beam of 200 nm in diameter on the sample (115 e − nm − ² s −1 ). Crystal position tracking was performed in microprobe STEM mode and NED patterns were acquired sequentially in steps of 1.0°. Tilt series were collected within a total tilt range up to 120° resp. 90°, occasionally limited by overlapping of surrounding crystals or grid edges. ADT data were collected with electron beam precession (precession electron diffraction, PED). [54] PED was used in order to improve reflection intensity integration quality. [55] PED was performed using a Digistar unit developed by NanoMEGAS SPRL. The precession angle was kept at 1.0°. The eADT software package was used for 3D electron diffraction data processing. [56] Ab initio structure solution was performed assuming the kinematic approximation I ≈ |F hkl |². Scattering factors for electrons were taken from Doyle and Turner. [57] The data were processed using the software packages PETS [58] and JANA2006 [59] for dynamical refinement. [36] The relevant information on the crystal structure determination by ADT is compiled in Table 1 .
Brunauer/Emmett/Teller sorption: BET measurements were conducted using the gas adsorption setup Autosorb-6B from Quantachrome with nitrogen as analysis gas. The temperature during the measurements was 77 K. Data evaluations were conducted with the software Quantachrome ASiQWin 3.0.
UV-Vis Spectroscopy:
Ultraviolet-visible (UV-vis) reflectance spectra ranging from 200 to 800 nm were collected on a Cary 5G UV-vis-NIR spectrophotometer using an Ulbricht sphere. BaSO 4 was used as white standard. The samples were measured by mixing a few mg of powder with BaSO 4 and pressing the mixture into a pellet.
Nuclear Magnetic Resonance (NMR) Spectroscopy: All solid-state NMR experiments were recorded on a Bruker Avance 400 DSX spectrometer at 19 F frequency of 376.25 MHz. A two-channel commercial Bruker 2.5 mm probe head at spinning speeds of 25 kHz was used for the 19 F direct excitation measurements. No changes in the spectra are expected at slightly elevated temperatures, so no temperature correction for the frictional heating due to the sample rotation has been performed. All spectra are background corrected.
Fluorine-Ion Selective Electrode Measurements: F − -ion selective potentiometric measurements were carried out using an F − ionselective electrode and a Titrando 907, both from Metrom. 15-30 mg of the sample powders were dissolved in 25 mL 1.2 m NaOH solution and then neutralized with 1.2 m HCl solution. The solution then was transferred into 100 mL volumetric flasks and filled with TISAB IV (Bernd Kraft) solution. 40 mL of each mixture were used to determine the fluorine content by comparison of the measured potential with an external standard calibration. Standard solutions with the concentrations 0.2, 0.40, 1.0, and 2.50 mmol L −1 were obtained by diluting a 0.1 mol L −1 NaF standard solution. The standard was prepared by dissolving 95 mg NaF (99,0% pa, Fluka) in 50 mL of deionized water.
Photocatalytic Activity of WO 3−x F x : WO 3−x F x particles (SPS-and conventionally prepared) were suspended in distilled water (1 mg mL −1 ), and their photocatalytic activity was explored against the model substance Rhodamine B (RhB). Freshly prepared aqueous dispersions of WO 3−x F x nanoparticles (1 mg mL −1 ) were mixed with the model compound RhB (0.1 mg mL −1 ) and irradiated using 6 light-emitting diodes from Osram OSLON SSL 80 with peak emission at 451 nm (deep blue) driven by constant current 350 mA in series connection. The experiments were carried at room temperature as follows: The mixture was exposed for 4 h to the LEDs after equilibration time of 30 min. A 400 µL aliquot was taken every 30 min, centrifuged and 60 µL of the clear solution were diluted with 940 µL distilled water. The UV-vis spectrum was recorded using a Cary 5G UV-vis-NIR spectrophotometer (Varian Inc., Palo Alto, CA, USA). As control, a solution of RhB (0.1 mg mL −1 ) and WO 3−x F x nanoparticles (1 mg mL −1 ) was treated in the dark under otherwise identical experimental conditions. The calculations (C/C 0 ) were performed considering a wavelength value of 554 nm-the maximum of the RhB UV-vis spectral band.
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